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The concept ot light transmission in a dielectric 
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John iyndell. AGiexander Graham Bell. in 1880, 
proposed use of light waves for telecommunications LRef.il. 
At the birth of optical fiber technoloav, more than fifteen 
Years aaqo, the light lasses sustained in the fiber were 
Clase ta 1000 24۳۶: LRef.27. By 1970, research in England 
nad lowered this to i350 dB/km. In 1970, researchers in bath 
the United States and Japan lowered the losses in optical 
fiber to 20 כ امه‎ c 


luring ths mig 1770's. advancements were made in 
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2 بانج‎ 1 6۶ , Cables, sources and detectors. The loss in the 
imagie-mode antical fiber is now as low as to 0.01 dB/km. 


This is very close to the intrinsic lass expected, for pure 


As technology matured it was found that optical fiber 
could be used as a transduction element as well asa 
transmitter af information. Various physical perturbations 
, Such as acoustic, magnetic, thermal. linear 
and rotational motion, strain, etc. [Ref.41. Optical fibers 


sensors offer the potential for increased sensitivity as 


شم 
ኪን‏ 


[| 
0] 
2] 
0 
1 
D 
5 
(1 
2 
= 
[] 
3 
I] 


tj: 
| 
ተ 
rt 
₪ 
[| 
₪ 
2 
5 
ገ 
1 
rr 
ከ 
y 
2] 
D 
₪ 
+ 
ተነ 
ا‎ 
p 
1 
al 
E 
רו‎ 
> 
ב‎ 
Im 
ul 
ጋ 
ተነ 
3 
ር] 
rt 
LA 
r 
Du 
J 
^ 
kd 
ር፲ 
0 
5 


|] 
ህ 
3 
1 
-] 
٦ 
וו‎ 
re 
ገ 
ሀ 
1 
8 
ET 
Ifi 
fad 
כ‎ 
כ‎ 
Jade 
:J 
1 
በ 
e 
ב‎ 
1 
+ 
10 
KI 
[ጋ 
٦ 
13) 
ግ 
I 
2 
لس(‎ 
ኘ 
ዝ 
עו‎ 
LL 
<ረ 
3 
E 
ul 
In 


- <- መመ 3 . 
= E -e am’ ጨመ።  ኡ፡ ታያ“ መ 


በ 
rt 
l= 
רו‎ 
1 
ተ 
0 
BE 
ב‎ 
ተ 
iD 
ኀ 
^ 
1 
٦ 
D 
3 
m 
rt 
٦ 
፦፤* 
רו‎ 


| 
ul 


devices are usually seither‏ ۲ج٣‏ 8 وب : ۳۱۵۸ ۱ rail rue‏ ےج ہج 
c Ze or phase irntaerteccogmctricic) sensors. in the‏ 


二 ہے‎ FT Titcc תווחב [ ככ טר רז ہے רז + ג = = כ‎ — = SEN Eur Te ۰٩ ۶ + ہے‎ ትገ 

With Cf‏ כ ام ሜ፡ ፡ ESS SS ኒ1 ?የን!ነ1ነ“5=5:፣፤ን፣ ጨ1. ELE !?! ላጊ 31311 ጊ፣ገ][.ኹር?፣‏ תור 
ፓ‏ 1 

= s 6 = = t = ב‎ £ - ፪፻: ፲፻ 

+ har ት directiv ጠጩ:;ዚኒዚኒን፤ መጨኛፎ the intenaity of theo Light in the 

= ہے‎ TER E መመ pem dE 2568 1 ፡ p 

rinses. Thes perturbation moduiates the antical onase of the 


= #۶ ٤ e - 


fhe aptical phase modulation ise converted to apticai‏ ےس ےج پت 
٠‏ ב SE‏ 
שחר 3 a ስን ያ ን ያ ጩ1‏ תי ae‏ 
Emp! the thesry c£ iliaht mnropadgation, nhaze‏ ה 
i -.‏ - - - 

ze መ: ምጫ 8 7 2 = מה ב‎ ጮ” ያጫ ፦= ዔ ያ መ= په سر سی‎ <= ጭ- ገ m3 ሙጫ ጭሙጭ ጊያ እ 1 ke 4 97 سا חש‎ — 
ZRU iA i ZN., הכ נפ שלהם.‎ tO intenzictctwv modulation, te Rn ee û 
።=፦፦:ም evstems and aradiemt sensars will be discussed in 
Eu dio ‘ 
m =5רן--ו-‎ uF StubY 


C acoustic 


1-1 * 


ተነ 
1 
2 
ا‎ 
Er 


er ont 


was demonstrated 


n 
ከ 
‘I 
| 
ጋ 
1 
ተ) 
d 
ኘ 
6 
| 
a 
ID 
m 
ni 
rt 
ID 
5 
۱ 
Q 
2 
|! 
3 
0 
רו‎ 
In 
ב"‎ 
rt 
፦ 
ጋ 
3 


mt 


= been achieved since in 


al 
ITI 
ተነ 


: 4 63. Bignit*icant pragess ha 


L 

L 
[በ 
rt 
D 


r1 
ET 
In 
[ሀ 
x 
ID 
ni 
ul 
۳ 
It 
ב‎ 
₪ 
ay 
ሠ 
כ‎ 
רו‎ 
I 
2 
[] 
ב‎ 
rr 
רו‎ 
ch 
ሠ 
n 


-optic transduction 


ኑ= 


4 


۱۰۰ 


d 


ct 
1 
i 
|. 


A 


3E 


۳ 


ee bann Sr, component development and sensor packaging far 
እ جات ےج‎ = ፡ = = “Romsey ہے‎ o yer 
re Finer ontirc sensor LRet. 2 & 7i. 


! ۱ 
LI 
Loi 
LI 
[ገ 
8 
Lei 
[ሀ 
ግ 
Di 
3 
L 
ተ, 

J 
ד‎ 
ሠ 
in 
፦ 
በ 
ሣተ) 
፦ 
ד‎ 
0 
1 
[ጋ 

רה 
ተ‏ 
፦‏ 
በ‏ 
፦‏ 
ב 
rt‏ 
ወ‏ 
ה 
+ 
D‏ 
٦‏ 
0 
3 
rD‏ 
rt‏ 

ኘ 
= 
רו‎ 


ከ] 
| 4 
ሺ 
= 
۱ ech 
1 
[በ 
8 
ሠጋ 
“1 
Lei 
3 
ብ 
ام‎ 
[ጋ 
EK 
ה‎ 
In 
Lech 
| 
Zr 
2 
ሀነ 
ul 
א‎ 
[በ 
(t 
ጠ 
2 
ام‎ 
[በ 
n 
ב‎ 
ጋ 
T" 
rt 
I 
n 
ከ; 
qp 


rtferfearometer and has a laser source, inout/output 


a sensor arm. a reference arm, photodetectors anc‏ בשחש נ1סיוה 
{signal processing? unit.‏ הס 22 2 2:24 7 


ተ 
* ኤ 


- 
11 
[ 

ገ 

3 
ni 
ا‎ 
Lt 
ጋ 
"ት 
nu 
3 
"m 
2 

ነ 
የ” 
m 
LA 
J 
rt 
ה‎ 
jd 
J 
תו‎ 
۳ 
2 
2 
0 
fond 
בו‎ 
ጪ 
rt 
a 

ב 
n"‏ 
E‏ 
٦‏ 
IU‏ 
6 

ተ 


ዚ. 
۱ 


Uo sensor 


-J 
It 
ተ 
ا‎ 
ር 
ا‎ 
rt 
m 
y 
₪ 
< 
E 
u 
ב‎ 
בי‎ 
m 
fu 
רו‎ 
A 
ሠ 
٦ 
3 
Di 
ul 
וח‎ 
תו‎ 
از‎ 
3 
עו‎ 
5 
ry 


[1 
1 


- םב‎ Gitferential design, a fiber optic aradient hydrophone 

as Geveioned and tested in an earlier phase of the present 

CRet. 717. The geametric confriguratian used is shown‏ ےریہ 
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il. THEORY 

e. CONVENTIONAL GRADIENT HYDROPHONE? 

in many INSTANCES, information on the direction of 
inc.dence of an acoustic Signal is required, in addition to 
its acoustic oressurs levei. Usually this is achieved by 
"uitinie Aycrophones whith are spatially distributed im a 
wei? defined ۶ 251 6۳ و‎ E.G, ነር coli dE 
array. Phe simplest at these directional arrays consists of 
a pair of omnidirectinoal hydrophones that form a dipole 
zenzor The cutout of which is the difference of the 
@oividuai nydropnene outputs. Tha electrical output a 
—-i:ecezocoeiecteic dipole pair is proportional to the pressure 
تب٣‎ 3۵03 2 oct the sound fieid as described Dy Milis Cher, Gi. 
Ur ססוושפבכם‎ cracisent hvdrophones heve a dipole, or وا وج‎ 
ight; directivity pattern as sketched in Figure 2.1, hence 
(hey are ڈ5‎ 8٠۰ ۴ 6۹03 ہ3٤ ۶۰5ج ۵551101۶156۳ ۔‎ ت۳٦‎ 566 Sire 1S 
smaili compared to the acoustic wavelength of the sound 
*:eid, the dipoie response when oriented at any angie 
relative to an incoming plane pressure wave is proportional 
LI GE 8 

ihe fiber optic gradient hydrophone considered in this 

‘This chapter is a summary af the discussion presented by 
mollo AN 
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biustrate its operation. assume two small pressure hydro- 
phones are placed a small distance d apart, with d << እ. in 


* 


tanding acoustic wave field F(x,t}, as indicated in 
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Figure 2.2. The dimensions of the two hydrophones are 


assumed to be much less than the wavelength of the acoustic 
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. The presence of the hydrophones is assumed to have a 


npeaiidgible influence on the sound Field. 

Lansi dar the plane sinusoidal standing wave shown in 
Figure 2.5. The instantaneous acoustic pressure, Pix,t?) is 
eiven bys: 


Fix,t) = ሦፌጨ31 በፒ[ ፒፊ: 1ፎጋጩ (I 


the peak acoustic pressure, k is the propagation wave‏ 15 בת 
number k = 27۳/۸ + x is the distance of one of the‏ 
hy¥drophones from the pressure nodal point, Gis the angular‏ 
freanency at the acoustic wave and t is time. Using the‏ 


assumption sin kx = Ex, for small values of kx, the eguation 
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Car De written as: 
5 ` d- = E Cé ESCH 
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Ss-indicated, both individual hydrophone are a distance 


x = d/2 from a standing wave pressure node (x = 0). The 
pressure difference, AF between these locations can then be 
expressed as: 
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d angle of incidence 


d —distance between hydrophones 


M,—free-field voltage sensitivity 
for individual hydrophone 


Figure 2.2 Geometry Used in Deriving Sensing Characteristics 
of Acoustic Dipole (Pressure Gradient) 
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Figure 2.3 Pressure Distribution as Function of Distance 
from Null Pressure Point 
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AE INE Fd (2.4) 


Hhen the individual hydrophones are equidistant from a 
pressure node, as assumed here, the pressure difference is a 
maximum. fin the other hand, 1f the center of the pair is 


located at a pressure antinode, pressure difference is a 


H. | LDCALIERATIUN OF GRADIENT HYDROFHONES 


lisuailyv in oractice, pressure gradient hydrophones are 


calibrated in terms of pressure. The semsitivity af a 
pressure gradient hydrophone 1s usuaily given in terms of 
voits/micropascal (V/[[Pa), specified at particular 


freguency LRef. i01. Plane progressive waves are specified 
in the definition of free-fieid voltage sensitivity. Because 
of the difficulties in obtaining free-field conditions at 
tow frequencies, in the present study a standing wave tube 


described in Chapter III Section A, was used. 


According to Miils fRef. 521, a free surface standing- 
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Do sin kh (2.5) 
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u = (Be/ D C) cos kh (2.6) 


p/u = ሠው tan kh C22 75 


here h is the distance from the air-water interface. 
Ite i5 assumed that the hydrophones have negligible effect 
on the ztanding wave pattern. 

in this report, fiber aptic hydrophone free-field 
sensitivity 1s expressed in terms of microradian/micropascal 


(Urad/[[ Pa). And rather than expressing gradient hydrophone 


*renuencv the fiber optic gradient hydrophone sensitivity is 
expressed in rad/[[ Fa/cem. The procedures to obtain fiber 
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s can occur in the core radius, core length, and 


the optical indices of refraction in the core and cladding 


(Fer, 5 and Ref. 63. The pressure induced changes of index 
and of length cause an optical phase shift AD given by: 
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The pressure-induced length change (dX /dP) 


the domirant factor at low frequencies for a free or‏ שג 


mandrel wound fiber. 
Hsing ב‎ single frequency laser source, the time 


petion af the electric field vector of the lightwave may 


Ett) = Eo expti€G@ot + A sin(Gat)]} (2.9) 


where GW. is the anaular frequency of the coherent laser 
source, QJ). is the angular frequency af the sound field and 
= 35 the phase shift ampiitude. 

io detect such phase modulation interterometric 

Ques must be employed. The laser light is first split 
anc then sent through both the sensor tiber and reference 
fiber, these form the interferometric system, and are then 


recombined to give an intensity (amplitude?) modulation prior 


to detection by the photodetectors. The total electric fieid 


at the photodetector may be expressed as: 
Er = E(t) + Est) Coane 
fa ft) is the electric field vector from the sensing arm 


and Est) 35 the electric field vector from the reference 
arm (or tor a gradient system, for the second sensing arm). 


The intensity I(t) of the recombined beams is 
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Neglecting terms that vary at angular frequency We. and 
e since they are undetectable by the photodetector, I(t) 


may be written as: 
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where E, and EZ represent spatial vectors and make explicit 


the fact that the polarization directions may not be the 
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Thus, from eguation (2.11), the resulting intensity 
function consists of a series of harmonics ot the acoustic 
frequencies. The amplitude of each successive harmonic is a 


function of the acoustic pressure and varies as the Bessel 


function of corresponding order [Ret. 8]. 


These recombined variations of optical intensity are 
detected with photodetectors to produce an electrical 
Signal. Thus the resulting photodetector current has- 


components af the following form: 
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where J, is the Hessel function of order n, Dis a non 


acoustically induced phase shift íwhich itself may change 
due to changes in temperature, for example), k = אוה‎ is 
the optical wave number in the fiber, and x is the amplitude 


of the acoustically induced optical path-length change. 
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15 ב‎ rigid structure with the individual hydrophone coils 
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S necessary to increase the 

: ameter ot the calibrator tube. A rotating apparatus was 
needed ta turn the gradient hydrophone to vary the angles of 
the hydrophone axis with respect to the acoustic wave vector 
inside the calibrator tube. The new tube is made af FYE 1120 
Docs IEF 4-E and is 25.4 cm in diameter and is 256.4 cm tall. 
re calibrator tube is mounted around the face of the 
acoustic driver which is a USRD type J-11 projector Cer, 
toi. Toe compensate for the water coiumn a hvdrostatic collar 
With a valve is placed on the bottom of the projector 
azzembiyv. The valve is opened and air is pumped into the 
eaualizino chamber until the air pressure is equal to the 


er pressure an the tace otf the driver. This air pressure 


بت یمیا 

is measured by a water filled U tube manometer mounted next 
to the calibrator assembly. The complete assembiy is shown 
in Figure 6 
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Figure 3.7 Laser Diode Power Supply 
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۲ ۷۸:٩ for this quad-amnpliifier system is shown in 


lire D 
ù watertight cannister wes desianed and buiit to held 
=z rotatinaoa motor and the nre-ampiifier electronics far the 


the camnister was FYC Type 124545—-BH piping of 225.4 cm 
mer diameter and 45.1 cm in length. It had flat FVC 


sates, 2.95 cm thick, for upper and tawer ends. Through the 


tartiaqht seats. Gt the bower eeqa =° 7.4 CM پر اہ ات ری‎ 
17H53 niece of pipina was glued into the plate. This 
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the hydraphones, maintaining the watertight integrity of the 
cannister while permitting rotation of the hydrophones. 
Maintaining the watertight integrity was accomplished by 
using & patting material and rubber tape at the bottom end 
cf the steel tube and around the wires that entered. The 


teei tube can accommodate either wires or optical fibers. 


PERIMENTAL PROCEDURES AND RESULTS 


a. pNPEmFEHUPMETIER CHARACTERISTICS 
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tuc sensor coil shown in the lower arm was not inciuded. 
ה‎ Sicck diagram af the instrumentation used for 
“25 “ሯምሦ”ን በሯ data with the system is shown in Figure 4.1. ይ 
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Poms. [o test rhe characteristics of the interferometer 


the nieroelectric cylinder is driven at a fixed frequency to 
examine the amplitudes of the fundamental and nt” order 
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Figure 4.1 Block Diagram of Instrumentation System 
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evlirder ifs increased. 
Pigure 4.2 shows the r.m.s. amplitude af the fundamen- 
سس‎ ۰ ۴ and 3" harmonics of the photodetector output as a 
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ככ ככ‎ Bosse] (۱ ۲ ٩ ۳۰۳۱ For e:ampie, the zero point of the 
Tagen =>! tor the Hessel (۱۱۳: 1 0۳۱ is 32.83 radians amd the 


ESE cm Dasz 15 1.208. Comparing the experimently determined 
mieeoelectric drive voltage required ta the Zero the ۵ 
የጅ !ሸ 5ے‎ 5 millivolts, to that of the fundamental, 735 
שר ו ה‎ VCE GS laca.: Wich 1s within 0.7772 of the 
Shearsticalily precicted value. The sensitivity af the 
ቢፕ ር Corie cylinder phase modulator at 1200 Hertz is the 
vsio argument of the zero of the Hessel function, 3.83 
zi aS ana che drive voltage at the zero of the fundamen— 
ee נש 1 בה‎ 1.2. 2.21 rad;/volts. Dividing this by 
tae length of optical fiber wound on tne cylinder, ? meters, 
.ieids 35 modulator sensitivity at 9.744 rad/valt/m. 

i Table i the voltages required to zero the fundamental 
c^ Lhe voltage appiied to the piezoelectric phase modulator 
Eg  81፡ 0 rthe rredguenetrange 490 to 2000 Hertz. As 
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Fundamental. The computer annroach employed was a five point 
parabolic least snuares fit. A minimum af five amplitudes 
Were required to run the least sguares fit. The five points 
vier E obtained by determining a relative peak and using the 
Leo amnlituces on either side of it. The relative peak was 
determined by: first, an amplitude being less than the 
mcrevinus amolitude; second, taking the next amplitude which 
5 三 less than the previous two amplitudes. 
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giving:‏ 6 ' + 2₪ = גכ כככהל 
DEM E B. c —.6-‏ 
a= ሰ።=5 - ፅ5 +ፎ - ፅል-‏ 
ር ፦ Ao‏ = 0 
Â;‏ — ع + 5 + Xa = Oza‏ 
و۵ Ne = 4678 + 2۵۲ +  -‏ 
TQ find the values of the coefficients a, b and c at‏ 
is & Minimum. the foliowing conditions mus hold:‏ = 
جح OX 27 “መ‏ 
0 = 0916 /-0% 
0 = 0515 /-0% 
compining equations 4.5 through 4.i2 generates the f‏ 
E‏ سح ےت 
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EE EE + Aa)‏ 
Subteactina (4.159) from (4.13) gives:‏ 
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s (4.14) and (4,16) to ting the coefficients 
and b. where 6 is the J-11 drive valtage increment, gives 
Zemas 68105 ٠٤607) ٣ 
Since the Hessel function is approximately linear about 
-he zero crossing, the output voltages were calculated for 
iO; and 24 less than and greater than the zero crossing 
«citzae using the following equations: 
XI) = INT( 1.87842, 4.7 (4.18) 
X€(2) = INTUI.977x*-228 eT lu 
RUS) SINT (22 መአስ ርማ) (4.20) 
X(4) — INTCZ.2HWET uu) (4,21) 
Linear eaxtranpolatian at the calculated J-11 drive voltages 
was then pertormed to obtained the averaae, which is taken 
x= the inrtercent. The iLC-10 output voltages for the 
resnective J-ili drive voltages were also linearly 
t-apoiated to obtain the average LOC-ift output voltage at 
the zero crossing. 
x CALIBRATOR CHARACTERISTICS 
Upon compietion of construction of the calibrator, as 
described in Chapter III Section A. its various resonance 
-recuencies were determined. These were at 218 Hertz. 4232 
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The fiber optic gradient hydrophone 
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Aft Hz in the calibratinn tube. Ihe |] ሙ፤ሽ፣፤ ዮስመተይዮሦፎይ፣የገር,፣ጆ Avara— 

phone was pniaced at the pressure maximum (10 cm) and the 

*:ber optic aradient hydrophone was centered at the pressu 
t - 4 1 


I~ drive voitage was adjusted to zero the fundamental 
comnonent of the gradient hydrophone output. The data in 
fabie VI indicates that the fiber optic gradient hydrophone 
produces Lhe predicted directional dipole response, as show 
in Figures 4.10 and 4.11 for separate rotation runs. The 
vertical position of the hydrophone in the calibration tube 
corresponds Ta ToS i tpe تن الا‎ ۳ 1 
Fa ANALYSIS 

Ihe materiai used ter tre mandreis in the 632.8 ni 
interferometric system, Stycast 1256 epoxy, was chosen far 
115 low viscosity, machinability and the materiai 


sl 


TABLE Vi 


ጋ 
= 





Ti 

0 
۱0 ct 
poe: 
תו‎ 


4 

ו 

drive : ou 
voltaae fi) ۶ ۶۳۹۳21 





io E כ‎ p 


የን 1. SC ל‎ ጋ 
zi 1 4 x 25 اا د کے ب ات‎ ሎር 
Got? 4.44 בש רו ו‎ 1-5 


H 
L4 
21 
ሱ 
jen. 
I 
4 
0 
٠ل‎ 
LU 


1 4.51 IZE ES 
120 7.21 24.9 Sal 


kel 
ו‎ 
CS ۱ 
፦ 
ታሮ 
ዜ 

$ 
|--* 


= 
| 
kd 
ኮዱ 


ሂን, ፲ 1 


=, ہس‎ 4 =r - ቅ መጫ س‎ .— 
21ے‎ 4 ፌ፡ = ig es 1 / a a ፡ኤ = e 
> ב‎ Lr m xt C3 d 
ም a +: F ጋ UE C oa ל‎ -一 xz T i 


FJ 
p 
E 
foot 
D 
ኑሩ“ 
ርዐ 
ا‎ 
“ተ 


J 
LA 
E 
ታት 
፦= 
d 
d 
pu 
CG 
1 


OMY d OC {4 


ጐ= 
ل‎ 
s 


ZO 3-52 7 4.56 


D 
LA 


89 





0 


270 


6 א‎ G-a prod’ u Pa 


Figure 4.10 Fiber Optic Gradient Hydrophone 
Diractivity Pattern 
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exciting the longitudinal, torsional and flexural resonances 
ot the bar made af Stycast Lee SD, These resonances were 


1077 Pa. The torsional mode yielded a shear modulius (i? 
or 1.15 X iù? Pa. The standard theory of isotropic 
elasticity yields from these values a Poisson'z ration {ÛJ i 
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Avi) = 2/8 = e cs) 
where ۶۸۵۸ ב‎ the change in any linear dimension &. Therefore. 
the change in the length o£ the fiber (Aj is obtained oy 
rearranging @cauatian (4.28): 

PPR r RAP; کات‎ A. Zë 

For a pressure change of i Fa and a fiber isnath oft טג‎ m, 
the change in lenath is 0.59/ nm. The change in opticai 
2۸۲: 2 52۶ is caiculatsd using the following equatican: 
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The calcuiated change in phase of the light in the fiber 
imbedded in the enoxy material iz 4.95 % 1079 rad. for a 
wavelength እ of 622.8 nm. Therefore, tne calculated 
Sensitivity o? the fiber imbedded in the epoxy material is 
$i wc ጻን ከፒ. [A rad/U Pa. This value 15 within ==ዞ5”ርፎሯ 1٦01012-۷7 
40% af the measured sensitivity for the individual 
hydrophones. However, this is assuming the fiber is 
unifoermiy surrounded by the epoxy. This is not the cass, on 
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caicuiated sensitivities. This shows the epoxy to be an 
exceileant material for ruooedness and support while mot 


Analysis af the single fiber optic hydrophone sensiti- 
vity can be compared to nubiished data LEet. 6 and di. From 
Tabie V, typical sensitivities are annroximateiv 
Toae ۸ ۹ء‎ 3 for 10 m pf fiber. This resuits in a 
Sensitivity of כ-10‎ ፈ =ወ/ፊፈፊ ም/ጠ which 16 consistent with 
eariier obtained results (Ret. ó and Si. This yieids an 
increase in sensitivity over a standard directianai 
hydrophone of approximateiy 14 dE CRef. 121. 
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زا ئا ማት 2 ۳۱5 with tne ۰-1 1 drive and‏ פפתכהש שג רד כו 

Ra 人 The iC- 10 output voltages was 
Givided into the LO-10 sensitivity lh. ووسم‎ times 2.83 radians 
then plotted against the frequency. Figure 4.,i2. 

ር ፦ ንያ... Several “መጠ ርግ in ٤‏ וו ee‏ 2 ו 
shart calibration tube. The data showed no appreciable‏ 
وج variation within experimental error other than the‏ 
shitting of the hydrophone resonant frequency.‏ 

E EER GER TRESS ANALYSIS 

An analysis cf the DIFAR data obtained during tne ses 

trial test compares to that nubiished in tRef. ifi. fhe 


11] ۳ ረኮ nPydronhone^ has three nierzosiectric receivers ancasead 
in it. Üne is an omni-directional hvdrcopbone. The other two 
(GG calied sine and cosine? are bender vane type gradient 
hydroohones. The sine and cosine each nroduce a dinoie 
rabternm, oriented ast 709 to one another. 
— 3 as E ጋ ፡ 3 E 4 M. m #4j ሚዲ ~ A 1 
TAS sea trial as conducted aboard che A/V ACANniIA in 


“Tre bender vane transducer was mace by Magnavox. 
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to the d-1i proijector. Figure 4.156 shows similar data for 
the Sine dipole pattern at 2000 Hz and 7.3 Vac drive 
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CONCLUSIONS GND RECOMMENDATIONS‏ .یا 


Fiber ontic sensors have been under consideration, since 
1977. for use as hydrophones with higher sensitivity than 
conventional piezoelectrics. Using sensing coils in both 
arms or ב‎ Mach-Zehnder interferometer, a *iber opric 
oradient hydrophone was tested and shown to be useable as a 
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this thesis project.: This includes testing of the 820 nm 
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